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■ A breakdown of the Local Lorentz Invariance and hence the spe- 

cial theory of relativity in the Kaon system can, in principle, induce 
^ I oscillations between the and states. We construct a general 

^ ' formulation in which simultaneous pairwise diagonalization of mass, 

momentum and weak eigenstates is not assumed and the maximum 
attainable speeds of the momentum eigenstates are different. This 
mechanism permits Local Lorentz Invariance violation in a manner 
that may or may not violate CPT. In the CPT— conserving case, we 
show that violation of special relativity could be clearly tested exper- 
imentally via the energy dependence of the Kl — Ks mass difference 
and we discuss constraints imposed by present experiments. In the 
CPT-violating case the K^~K^ system also allows the possiblity of 
testing different Lorentz properties of matter and antimatter. 
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The special theory of relativity has been tested to a high degree of pre- 
cision from various types of experiments |l|]. These experiments probe for 
any dependence of the (non-gravitational) laws of physics on a laboratory's 
position, orientation or velocity relative to some preferred frame of reference, 
such as the frame in which the cosmic microwave background is isotropic. 
Such a dependence would constitute a direct violation of (respectively) Local 
Position Invariance and Local Lorentz Invariance (LLI), and hence of the 
Equivalence Principle 0. 

A characteristic feature of LLI-violation is that every species of matter 
has its own maximum attainable speed. This yields several novel effects in 
various sectors of the standard model 0] , including vacuum Cerenkov radia- 
tion 1^, photon decay [^] and neutrino oscillations [§, In case of neutrino 
oscillations constraints on the violation of the equivalence principle 0, can 
be directly translated into constraints on the violation of LLI Here we 
extend these arguments to the particle/antiparticle sector. Specifically, we 
consider the K^-K^ system and point out that a violation of special relativity 
here will in general induce an energy dependent Kl — Ks mass difference; an 
empirical search for such effects can therefore be used to obtain bounds on 
the violation of LLI in the Kaon sector of the standard model. The approach 
we will follow to this problem in the Kaon system is phenomenological: we 
shall assume that the mass or the weak eigenstates are not a-priori simultane- 
ously diagonalisable with the momemtum eigenstates and that the maximum 
attainable velocities of the different momentum eigenstates are different. 

The present study of violation of LLI in the Kaon system, in addition to 
previous studies in other sectors, is motivated by the simple fact that there is 
no logically necessary reason why special relativity must be valid in all sectors 
of the standard model of elementary particle physics. Rather its validity must 
be empirically checked for each sector separately 0. In particular in the 
CPT-conserved case we will discuss, where the momentum eigenstates of the 
Kaon system may have differing maximal speeds, the bound obtained is of the 
same order as the ones obtained in other sectors of the standard model §]. 
On the other hand the K^-K^ system is also a matter-antimatter system 
in which we can test for possible violations of LLI stemming from different 
maximum attainable speeds of matter and antimatter (which consequently 
induce CPT violation). Our formalism contains both the CPT-conserved 
and CPT— violating cases. 

More explicitly, for relativistic pointlike Kaons the general form of the 
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effective Hamiltonian associated with the Lagrangian in the K^) basis 
will be 

H — UwHsEwUw + UyH^U~ (1) 



with, 



rr {MsEwf 1 /mi \' . . 

')v (3) 



and 

V2. 

to leading order in w? j]? with p the momentum and fa the average mass, 
where for a quantity X, = (Xi — X2), X — {Xi + X2)/2. The constants 
f 1 and f 2 correspond to the maximum attainable speeds of each eigenstate. 
If special relativity is valid within the Kaon sector these are both equal to 
their average v, which we normalize to unity. If v is equal to the speed of 
electromagnetic radiation then special relativity is valid within the Kaon- 
photon sector of the standard model. Hence V1 — V2 — 5v is a measure of LLI 
violation in the Kaon sector. Hsew is the matrix coming from the strong, 
electromagnetic and weak interactions, whose absorptive {i.e. antihermitian) 
parts we shall neglect for the moment. In the limit f 1 = V2, weak interactions 
are responsible for mi 7^ 1712, which are interpreted as the and Ks masses. 

Since Hsew and i?„ are hermitian, C/„ and Uw are unitary. Prom the 
general form of a 2x2 unitary matrix 



e"'" \ / cos^ sin^\ / e~'^ 



U e'^i e'"A-sin^ cos^A e'^ 
it is straightforward to show that 

1 / M+ Mr^ ^ 



„ 1 /M+ M12V 



2p V M*2 M_ 

where I is the unit matrix and 

_ cos2ew ^ p^cos2^„ 

M-L. — m± — dm ± — dv 

2 m 2 

M12 = -(e-2*"^sin2^vK(^m + e-^*"''^^sin2^>i;)/2 

m 



(4) 
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where we have absorbed additional phases into the and wavef unctions. 
Since in this paper we will be considering effects for which CP-violation is 
negligible, for simplicity we shall take = aw = 0.0. 

In the basis of the physical states and Ks, the Hamiltonian becomes 






-AE 



(5) 



where E 



2 

+ 25mSv— cos(2(9w - 0^)) 
m 



1/2 



(6) 

where rriL and ms are the experimentally measured masses of Kl and Ks 
respectively. From the above it is clear that the LLI violation implies that 
the mass difference itil — is energy dependent. (The possibility of energy 
dependence of the various parameters in the Kaon system has been previously 
considered in different contexts 0, |[|). 

The amount of CPT-violation is given by 

2 

AcpT = M+ - M_ = cos(2^H-)(5m + cos{2e^5v— (7) 

m 

From this expression we see that it is not possible to conserve CPT for all 
momenta unless Ow = Qv = \ (modulo |), thereby separately conserving 
CPT. In the following we will discuss in detail this CPT— conserving case 
because it is the less constrained case and because our results can be com- 
pared with earlier ones where CPT conservation has been assumed. We also 
consider briefly the interesting maximal CPT— violating case where 9w = 
7r/4 and 6^ = 0. 

In the CPT— conserving case the mass difference is 

rriL — ms = 5m + 5v— (8) 
m 



*A more general analysis containing CP— violating effects will be presented elsewhere 
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which as noted above is energy dependent. What constraints do present 



experiments place on Sm and 5v7 In the review of particle properties [10 



six experiments were taken into account. Two of them are at high energy 



n], |T2[ with the Kaon momentum px between 20 GeV and 160 GeV. The 
weighted average of these two experiments is |T^: Am is = f^L ~ f^s = 
(0.5282 ± 0.0030) x 10^°^^"^ The four other experiments [|l|, |l|, |15|, |16 



are at lower energy, with px ~ 5 GeV, or less. The weighted average of 
these low energy experiments is Aitils = (0.5322 ± 0.0018) x lO^'^^s"^. A fit 
of equation (||) with the high and low energy value of Amis gives : Sm = 

(3.503 ± 0.012) X IQ-^^MeV and 6v = -(1.6 ± 1.4) x lO^^i x ( J^)^ (where 
Eav is the average energy for the high energy experiment which we take to 
be 90 GeV). We obtain consequently: 



\6v\ < 3 X 10 



-21 



The fitted value above differs from zero by 1.15 standard deviations. While 
it is certainly premature to regard this as evidence for LLI violation, these 
values do show that it is possible to test the special theory of relativity 
in the Kaon sector. A precise fit of mass difference per energy bin in 
present and future high energy experiments would be extremely useful in 
constraining the violation of Lorentz invar iance parameter 6v, particularly 
since the present experimental situation at low energy is not clear. Indeed 
one of the low energy experiments |jT6[ published last year found Amis = 
(0.5274 ± 0.0029 ± 0.0005) x W^hs'^ , a value lower than the weighted aver- 
age Amis = (0.5350 ± 0.0023) x 10^°/is~^ of the three (previous) low energy 
experiments. Without this new experiment, a similar fit of the other five 
experiments yields 5v = —(2.76 ± 1.54) x 10~^^(90/i?a„)^. In this case 6v is 
different from by 1.8 standard deviations. Alternatively taking only the 
new experiment |TB| at low energy we would obtain a value compatible with 



at less than 1 standard deviation. 

We now briefly discuss the case where CPT is conserved in the strong 
and the electromagnetic sectors {6w = vr/4) but maximally violated by the 
momentum eigenstates {6y = 0). A bound on 6v can be obtained from Eq.(|^) 
(with ew = Tr/A and 9^ = 0) and \M+-M_\/mK < 9x 10"^^ [|T0[ withp ~ 100 
GeV: 

\5v\ < 2.3 X 10'^^ 

The upper bound we obtain by looking at the energy dependence oimi — ms, 
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through Eq.(^) as in the CPT— conserving case, is relatively less stringent 
than the one from Eq.(^ by 2 to 3 orders of magnitude. 

In the above analysis we have not included the effect of the absorptive part 
of the Hamiltonian. Inclusion of the absorbtive part entails the replacement 
of rrii by rrii — iTi/2. With this change the definitions of E and AE are 
modified to 



E 



^AE 

m 



F 
G 

We also have, 




\VWTg^ - F 



1/2 



(6m? + idv^ f + 26m6v— cos(2^vf - - i—f 
mm 2 

2 

-{5m5T) - cos{2ew - 2e^)[5T5v—] 



p 

rriL — ras = — Re(Ai?) 
m 



2— Im(AE) 

m 



(9) 

(10) 
(11) 



In deriving these equations we neglected terms in 5mT , 5m5T and with 
respect to the terms in m5m or m5T . It can be shown that in the CPT- 
conserving case the above mass difference (equation ([T0|)) reduces to equation 
(H). So in our present analysis the results above are not affected by inclusion 
of the widths. In this case the difference T $ — ^ l = — is independent of 
energy. This is consistent with experiment, which indicates that the low and 
high energy measurements of Ts — are fully compatible |10[| . 

To summarize, in constructing our formalism to test the violation of Local 
Lorentz Invariance in the Kaon sector we have taken a phenomenological 
approach, making the general hypothesis that momentum eigenstates can 
be a priori any orthogonal states in the — system, and that these 
eigenstates have differing momentum eigenvalues. This mechanism can be 
tested experimentally by searching for an energy dependence in mi — ms, 
yielding a stringent bound on LLI violation in this sector. Previous bounds on 
LLI violation [0, |^, ^ are comparable to the bound obtained from the K^—K^ 
system, but occur in different sectors of the standard model. More precise 
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and detailed tests in the Kaon system should provide us with important 
empirical information on the validity of the special theory of relativity. 



Acknowledgements 

This work was supported in part by the Natural Sciences and Engineer- 
ing Research Council of Canada. One of us (TH) acknowledges financial 
support from Bundesministerium fiir Bildung, Wissenschaft, Forschung und 
Technologic, under Contract No. 057 DO 93P(7). 



References 

[1] V.W. Hughes, H.G. Robinson, and V. Beltran-Lopez, Phys. Rev. Lett. 
4 (1960) 342; R.W.R Drever, Philos. Mag. 6 (1961) 683; D. Newman, 
G.W. Ford, A. Rich and E. Sweetman, Phys. Rev. Lett. 40 (1978) 1355; 
A. Brillet and J.L. Hall, Phys. Rev. Lett. 42 (1979) 549; J.D. Prestage, 
J.J. Bollinger, W.M. Itano, and D.J. Wineland, Phys. Rev. Lett. 54 
(1985) 2387; S.K. Lamoureaux, J. P. Jacobs, B.R. Heckel, R.J. Raab, 
and E.N. Fortson, Phys. Rev. Lett. 57 (1986) 3125. 

[2] C. M. Will, Theory and Experiment in Gravitational Physics, 2nd edition 
(Cambridge University Press, Cambridge, 1992). 

[3] C. Alvarez and R.B. Mann, Phys. Rev. D 55 (1997) 1732. 



7 



[4] M. Gasperini, Phys. Rev. Lett. 62 (1989) 1945. 



[5] S. Coleman and S.L. Glashow, report no. HUTP-97/A008 (|Eep^ 
I pli/97032iq ). 

[6] S.L. Glashow, A. Halprin, P.I. Krastev, C.N. Leung, and J. Panteleone, 
report no. UDHEP-03-97 ( hep-ph/9703240[ ). 

[7] M. Gasperini, Phys. Rev. D 39 (1989) 3606; H. Minakata and H. 
Nunokawa, Phys. Rev. D 51 (1995) 6625; J.N. Bahcall, P.L Krastev and 
C.N. Leung, Phys. Rev. D 52 (1996) 1770; R.B. Mann and U. Sarkar, 
Phys. Rev. Lett 76 (1996) 865; A. Halperin, C.N. Leung and J. Pan- 
teleone, Phys. Rev. D 53 (1996) 5365; H. Minakata and A. Smirnov, 
Phys. Rev. D 54 (1996) 3698; J.R. Mureika, Phys. Rev. D56 (1997) 
2408; R.B. Mann and J.R. Mureika, Phys. Rev. D54 (1996) 2761; R.B. 
Mann and J.R. Mureika, Phys. Lett. B368 (1996) 112. 

[8] T. Hambye, R.B. Mann and U. Sarkar, in preparation. 

[9] M.L. Good, Phys. Rev. 121 (1961) 311; O. Nachtmann, Acta Physica 
Austriaca, Supp. VI Particle Physics ed. P. Urban, (1969) p. 485; S.H. 
Aronson, G.J. Bock, H-Y Cheng and E. Fishbach, 48 (1982) 1306; Phys. 
Rev. D28 (1983) 495; I.R. Kenyon, Phys. Lett. B237 (1990) 274; R.J. 
Hughes, Phys. Rev. D46 (1992) R2283; 

[10] Review of Particle Properties, Phys. Rev. D54 (1996) 1. 

[11] L.K. Gibbons, et al, Phys. Rev. Lett. 70 (1993) 1199. 

[12] B. Schwingenheuer et al., Phys. Rev. Lett. 74 (1995) 4376. 

[13] M. CuUen, et al., Phys Lett. 32 B (1970) 523. 

[14] C.Geweniger et al., Phys. Lett. 48 B (1974) 487. 

[15] Gjesdal et al., Phys. Lett. 52 B (1974) 113. 

[16] R. Adler et al, Phys. Lett. B 363 (1995) 237. 



8 



